This study aimed to evaluate the hepatic glucose and lipid metabolism-related parameters of adult male and female White King pigeons (Columba livia) during incubation and chick rearing. At day 4 (I4), 10 (I10) and 17 (I17) of incubation and day 1 (R1), 7 (R7), 15 (R15) and 25 (R25) of chick rearing, livers were sampled from six pigeons for each sex. Glycogen and fat contents, activities of glycolytic enzymes (hexokinase, HK;
| INTRODUCTION
Pigeons (Columba livia) are monogamous and exhibit biparental care of the eggs and squabs by both male and female. After females laying two eggs, parental pigeons divide duties throughout the day, with males incubate during the middle of the day, and females take over the rest of the time (Silver, Andrews, & Ball, 1985) . About 14th day of incubation, changes in the crop of parent pigeons occur such as thickening of epithelium, increased vascularization and accumulation of lipid droplets, which result in a substance called crop milk synthesized in the crop of both parent birds (Bharathi, Shenoy, & Hegde, 1997) . Crop milk is full of lipid and protein, which consists of sloughed off epithelial cells from crop sac of parents (Dumont, 1965) . After hatching, pigeon squabs are fed crop milk from parents for nearly 28 days. The nutrients of crop milk undergo significant quantitative changes in the first week of secretion (Shetty, Bharathi, Shenoy, & Hegde, 1992; Shetty & Hegde, 1991; Shetty, Salimath, & Hegde, 1994; . Before day 4 post-hatch, all squabs receive crop milk only; as squabs grow up, crop milk is mixed with increasing quantities of grains came from the parent diet and gradually replaced by this grains; around day 28 post-hatch, it is completely grain for the squabs (Janssens, 2003) .
In pigeon family, the transition from incubation to chick rearing is a time of physiological stress for both male and female parents, and widespread parental changes occur, such as hyperplasia of crop in response to elevated production of prolactin (PRL), hormone associated with parental behaviours, food intake and body weight adjustments to the requirement of energy, nutrients and metabolism (Cheng & Burke, 1983; Dong, Zhang, Jia, & Zou, 2013; Gillespie et al., 2011; Silver, 1978; Xie et al., 2016) . Males and females pigeons are different in expression of incubation and nest defence behaviour, oxidative status and profile of blood value during breeding cycle (Costantini, 2010; Gayathri, Shenoy, & Hegde, 2004; Lea, Vowles, & Dick, 1986) . Sexually oriented differences are related to the differences of gonadal hormones, PRL and energy acquisition constraints (Matysioková & Remeš, 2014; Ramos & Silver, 1992; Silver, 1984) . Liver sits at the crossroads of metabolism in animals, and almost all metabolic pathways and metabolic enzymes are active in liver (Krebs, 1972) . Both parent pigeons can "lactate" through the distinctive organ (crop sac), which implied that pigeons are structural and sexual different compared to mammals. In mammals, various studies prove the functional adjustments of the maternal liver to pregnancy and lactation, and these adjustments are associated with the changes of hepatic gene expression or enzyme activity of the key enzymes involved in metabolic pathway (Bustamante, Copple, Soares, & Dai, 2010; van Dorland, Graber, Kohler, Steiner, & Bruckmaier, 2014; Haga et al., 2008) . However, knowledge on the adjustments of parental pigeon livers was limited.
The hypotheses to be tested in this study were that the adaptation of parent pigeons to incubation and chick rearing periods caused adjustments in liver, and changes of parameters involved in hepatic metabolic pathways could satisfy the needs of feeding offspring. In this study, we measured glycogen and fat content, enzyme activity related to glycolysis (hexookinase, HK; , and genes expressions of key enzymes related to glycolysis (pyruvate kinase, PK; glucokinase, GK), gluconeogenesis (phosphoenolpyruvate carboxykinase cytosolic, PCK1; fructose-1,6-bisphosphatase, FBP1; glucose-6-phosphatase, G6Pase), fatty acid synthesis (fatty acid synthase, FAS; acetyl-CoA carboxylase, ACC) and fatty acid β-oxidation (carnitine palmitoyltransferase 1, CPT1; acyl-CoA 1, ACO) in male and female pigeon livers. The results are anticipated to provide a better understanding of metabolic regulation process in parental pigeons during the reproduction period.
| MATERIALS AND METHODS
All of the procedures used in this study were approved by the animal welfare committee of the Animal Science College, Zhejiang University and the Animal Care Committee of the Chinese Academy of Agricultural Sciences.
| Birds and husbandry
A total of 156 (60 weeks of age, 78 males and 78 females) adult White King pigeons were obtained from a commercial pigeon farm (Wuxi, China). All parent pigeons chosen had the same oviposition interval. The pigeons were housed one pair per cage under the same managerial conditions in a man-made aviary (50 cm width × 55 cm depth × 55 cm height) equipped with a nest and a perch. Feed in pellet form, sand and water were provided ad libitum. During the study, caged birds were housed in a room under a 16L:8D lighting cycle. The mean daily temperature was 23 ± 4°C.
| Feed analysis
The pellet diets were ground to pass a 1-mm screen. Quintuple samples were digested with a wet ash procedure (968.08; AOAC, 1990).
Dry matter (DM), crude protein (CP), ether extract (EE) and ash were determined according to methods of 925.09, 988.05, 920.39 and 942.05, respectively, of AOAC (1990 
| Collection of samples
To measure the hepatic glucose and lipid metabolism-related parameters, male and female parental pigeons were euthanized at day 4 (I4), 10 (I10) and 17 (I17) of incubation and day 1 (R1), 7 (R7), 15 (R15) and 25 (R25) of chick rearing (n = 6 pigeons per day for each sex). Their baby squabs were transferred to the commercial pigeon farm and taken care by other parent pigeons. At each time point, livers were cleaned of extraneous tissue, blotted, frozen in liquid nitrogen and then stored at −80°C. Liver samples were divided into four parts to analyse the glycogen content, fat content, enzyme activities and genes expressions respectively. Same part of the liver was used for the same analysis. Our study was based on previous report that parameters in- 
| Glycogen and fat content
Glycogen content was assayed in homogenized liver tissue. All procedures were prepared on ice. Approximately 0.2 g samples of liver were homogenized in 8% perchloric acid (1 g/4 ml). The homogenates were then centrifuged at 6,000 × g at 4°C for 15 min. The supernatant was transferred and 0.8 ml of pethrol ether was added to it. After the pethrol, ether fraction was removed from the mixture, and the precipitate was used for glycogen assay using commercial kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the instructions of the manufacturer. Glycogen content (mg/g as weight of glycogen per gram tissue) was determined spectrophotometrically (UV-2000, Unico, Instruments, Shanghai, China). The glycogen standard solution was 1 mg/ml which included in the commercial kits mentioned above.
To determine the fat content of the liver samples, a combination of freeze-drying and oven drying at 100°C was used to remove moisture from the livers, 0.5 g dried sample was then analysed by petroleum ether extraction in a Soxhlet apparatus (Soxtec System HT 1,043
Extraction Unit, Höganäs, Sweden) for 12 hr (AOAC International, 2000) , fat content is calculated as a percentage of dry liver weight.
| Enzyme activity analysis
Enzyme activities were measured with the supernatant of homogenized liver tissue. The homogenates were made using the same methods mentioned above. Activities of hexokinase (HK; EC 2.7.1.1) and 6-phosphofructokinase (6-PFK; EC 2.7.1.11) were assayed by absorbance changes at a wavelength of 340 nm with HK assay kit (Jiancheng Bioengineering Institute, Nanjing, China) and 6-PFK assay kit (Jiancheng Bioengineering Institute, Nanjing, China), according to the instructions of the manufacturer. The activity of HK was identified according to unit of enzyme activity per gram protein (U/gprot). 6-PFK activity was calculated according to unit of enzyme activity per millilitre of homogenized liver tissue (U/ml).
| RNA extraction and quantitative real-time reverse transcription-PCR
Total RNA was extracted from approximately 100 mg liver tissues using Trizol procedure (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Total RNA was quantified by both native RNA electrophoresis on 1.0% agarose gel and the UV absorbance ratio at 260 and 280 nm. cDNA was synthesized from 2 μg of total RNA by M-MLV reverse transcriptase (TaKaRa, Dalian, China) at 42 C for 60 min with oligo dT-adaptor primer following the protocol of the manufacturer.
Real-time quantitative PCR (qRT-PCR) analyses focused on several key enzymes of hepatic metabolism: pyruvate kinase(PK; EC 2.7.1.40) and glucokinase (GK; EC 2.7.1.2) for glycolysis, phosphoenolpyruvate carboxykinase cytosolic (PCK1; EC4.1.1.32), fructose-1,6-bisphosphatase (FBP1; EC3.1.3.11) and glucose-6-phosphatase (G6Pase; EC3.1.3.9) for gluconeogenesis, fatty acid synthase (FAS; EC 2.3.1.85) and acetyl-CoA carboxylase (ACC; EC 6.4.1.2) for fatty acid synthesis, carnitine palmitoyltransferase 1 (CPT1)and acyl-CoA 1 (ACO) for fatty acid β-oxidation. The primers for these parameters and β-actin were used to amplify corresponding gene fragment (Table 2) 
| Statistics
All data were subjected to SPSS 20.0 for windows (SPSS , Chicago, IL) and were presented as means ± SEM. The difference of parameters variables between male and female parental pigeon at each time point was compared using two-tailed t-test. Variables in males or in females during the breeding were performed with one-way ANOVA followed by Duncan post hoc test. Regression analysis was conducted using the REG procedure to determine the correlation between fat content or glycogen content and enzymatic variables related to glucose and lipid metabolism in male and female pigeon livers. All of the statements of significance were based on p < .05.
| RESULTS

| Glycogen and fat content in male and female pigeon livers
As shown in Figure 1a , hepatic glycogen content in female pigeons decreased significantly during incubation (p < .05) while no significant difference existed in male pigeons during the same period (p > .05). In female pigeons, the hepatic glycogen content peaked at R1 (20.57 ± 2.22 mg/g), and thereafter remarkably decreased at R25 (p < .05). In male pigeons, the hepatic glycogen content peaked at R7 (25.45 ± 3.07 mg/g) and then fell significantly at R15 (18.01 ± 0.10 mg/g, p < .05). At R25, it returned to a high level (24.41 ± 2.18 mg/g, p < .05, Figure 1a ). For hepatic fat content in male pigeons, it was the highest at R1 (6.16 ± 0.54%, p < .05). In female pigeons, hepatic fat content was minimized at I10 (2.95 ± 0.20%, p < .05), and it reached the highest level at I17 (5.79 ± 0.04%, p < .05).
At I10, hepatic fat content in male pigeons was 0.44-fold higher than that in females (p < .05, Figure 1b ).
| Glycolytic parameters in male and female pigeon livers
Activities of hexokinase (HK) and 6-phosphofructokinase (6-PFK) and gene expressions of pyruvate kinase (PK) and glucokinase (GK) are depicted in Figure 2 . Activity of HK did not fluctuate significantly in female pigeons during incubation (p > .05) while in males there was a steep increase from I10 to I17 (p < .05). In chick-rearing period, activity of HK in pigeon livers (regardless of sex) was remarkably decreased at R1, and it thereafter was significantly enhanced at R7 and R15 (p < .05, Figure 2a ). Activity of 6-PFK was maximized at R7 in both male and females pigeons, while it was minimized at I4 in females and at R25 in males respectively (p < .05, Figure 2b ). For expression of PK gene in pigeon livers (regardless of sex), it increased dramatically after I17, and peaked at R7 (p < .05); additionally, the maximum 
PK, pyruvate kinase; GK, glucokinase; PCK1, phosphoenolpyruvate carboxykinas cytosolic; FBP1, fructose-1,6-bisphosphatase; G6Pase, glucose-6-phosphatase; FAS, Fatty acid synthase; ACC, acety l -CoA carboxylase; CPT1, carnitine palmitoyltransferase 1; acyl-CoA 1, ACO.
T A B L E 2 Primers used for quantitative real-time PCR analysis of gene expression in pigeons value of PK mRNA level in male pigeons was 0.9-fold higher than that in females (p < .05, Figure 2c ). GK mRNA level in male pigeons peaked at I17 and R15, whereas it was the lowest at I4. However, in females, it was minimized at I17 and maximized at R7 respectively (p < .05, Figure 2d ).
| Gluconeogenic enzyme gene expressions in male and female pigeon livers
Gene expression patterns of FBP1, G6Pase and pck1 in pigeon livers are depicted in Figure 3 . For FBP1 mRNA expression (Figure 3a) , a significant increase was detected at I17 in both sexes; then, it remarkably decreased at R1 in males (p < .05). Additionally, FBP1 mRNA expression was maximized at R15 in both sexes. G6Pase mRNA expression (regardless of sex) arrived the first peak at I17, and it thereafter was maximized at R15 (Figure 3b) . Furthermore, FBP1 and G6Pase gene expressions in male pigeons were significantly higher than those in females across the incubation phase (p < .05, Figure 3a, b) . For PCK1 mRNA abundance in male pigeons, it did not vary significantly in incubation phase (p > .05); then, it peaked at R1 and R15 (p < .05). In female pigeons, PCK1 mRNA level was maximized at I17 (p < .05, Figure 3c ).
| Lipid metabolism-related gene expressions in male and female pigeon livers
As shown in Figure 4a , the FAS gene expression was the highest at R1
in female pigeons, while it was at I17 in male pigeons (p < .05), and it thereafter was significantly reduced at R7 in both sexes (p < .05). No significant difference was found from R7 to the ending in both sexes (p > .05, Figure 4a ). The FAS gene expression at I10, R15 and R25 in female pigeons was significantly higher than that in males (p < .05).
ACC gene expression in females and males was maximized at I17 and R1 respectively. Additionally, ACC gene expression at I4 and R1 in male pigeons was higher than that in females (p < .05, Figure 4b ). In respect of CPT1 gene expression (regardless of sex), it was minimized and maximized at R1 and R7, respectively (p < .05), and no significant difference was found in incubation period (p > .05, Figure 4c ). ACO gene expression in males and females showed a completely different pattern from I10 to R15, and it was enhanced at I17 and R7 in females, whereas repressed in males at the same time point (p < .05, Figure 4d ).
The ACO gene expression was the greatest at I4 and peaked at R1 in male pigeons, while it reached the maximum value at R7 in females (Figure 4d ).
| Correlation analysis between fat content or glycogen content and enzymatic variables involved in glucose and lipid metabolism in male and female pigeon livers
A significant correlation was found between fat content and genes expressions of the key enzymes involved in glucose and lipid metabolism in pigeon livers from I17 to R7 (Table 3) 
| DISCUSSION
In the current study, we illuminated changes of the hepatic glucose and lipid metabolism-related parameters in adult pigeons during incubation and chick rearing. Liver glycogen serves as a store of glucosyl residues that can be rapidly reconverted into glucose to maintain blood-glucose homeostasis (Agius, 2008) . Hepatic glycogen content in
The hepatic glycogen and fat content in pigeon livers during incubation and chick rearing. The stages included incubation period: day 4 (I4), 10 (I10) and17 (I17) of incubation; chick-rearing period: day 1 (R1), 7(R7), 15 (R15) and 25 (R25)of chick rearing. Vertical bars represent the means ± SEM (n = 6 pigeons per day for each sex). Variables in males or in females during the breeding were performed with one-way ANOVA followed by Duncan post hoc test. Bars with different capital letters (A, B, C) are significantly different in male pigeons (p < .05). Bars with different lowercases (a, b, c,) are significantly different in female pigeons (p < .05). Asterisks (*) above the bars represent significant differences between sexes (p < .05, t-test)
avian can be decreased by the reduced food intake (Braun & Sweazea, 2008) . The feed intake was not measured in the present experiment.
However, it is known that food intake is reduced in incubation phase due to the fact that the nest attendance reduces the time available for foraging (Patel, 1936) . During the post-hatching period, the cycle of production and turnover of crop milk is over a four-hour period (Gillespie et al., 2013) , and adult pigeons exhibit a marked increase in food consumption to meet the nutritional demands of the squab (Xie et al., 2016) . These reports support the present findings that the hepatic glycogen content remarkably decreased from I4 to I17 in female pigeons, and it significantly increased during the post-hatch days in both sexes. Consistent with previous reports in birds (Emslie & Henry, 1933; Goodridge, 1968) , there was no sex difference in the liver glycogen in this study, although hepatic glycogen content in females was tend to be higher than that in males at I4 (p = .054) and I10 (p = .05).
The reason was supposed to be that liver glycogen in birds may vary according to breeding and environment (Emslie & Henry, 1933) . This may also explain the results that no significant correlation existed between enzymatic variables and hepatic glycogen content in the present study (data did not show).
Parent pigeons are expected to be prudent in allocating energy between parental effort and self-maintenance, because the parental effort is time and energy consuming (Matysioková & Remeš, 2014) .
Glucose is essential as a substrate for the supply of energy to the bird.
Glycolysis is the only route of glucose catabolism in animals (Campbell, 2008) . In glycolysis, HK, 6-PFK, GK and PK catalyses the rate-limiting processes, accompanying with the hydrolysis of ATP or the phosphorylation of ADP, to regulate the energy metabolism in cells (Pilkis & Granner, 1992) . Parent pigeons expend energy in keeping egg warm during incubation phase, crop milk production and feeding squabs are accompanying with energy consumption during chick rearing (March, McKeown, John, & George, 1978; Monaghan & Nager, 1997) . Based on these, the fluctuation of enzyme activities of HK and 6-PFK, as well as the gene expressions of GK and PK, is supposed to be a part of adaptation of pigeon's metabolism to the demands for energy during the breeding cycle in this study. In males, gene expression of PK at R1
and R7, in addition to gene expression of GK at I17, R1, R15 and R25, was higher compared to females. At these time points, both males and females produce crop milk in crop and feed squabs (Patel, 1936) . There exists unequal division of parental effort by males and females, for example in terms of time spent on caring (Webb, Olson, Székely, & Freckleton, 2010) . In this study, we failed to quantify parental care during the breeding cycle, and this restricts the discussion to summing up of possible causes of sexual differences detected here. Additionally, no sexual difference exists in enzyme activities of HK and 6-PFK across the study. More data are needed to identify sexual differences in activities of enzymes involved in glycolysis in pigeon. Consistent with results in ducks and chickens (Berradi, Bernadet, Guy, & Rideau, 2007; Berradi, Taouis, Cassy, & Rideau, 2005) , GK mRNA expression was observed in pigeon's livers in this study. The changes in GK mRNA expression and HK activity in parental pigeon's livers observed here probably be related to PRL secretion during the breeding cycle, as it was proved that GK and HK levels can be induced by PRL treatment during pregnancy in mammals (Weinhaus, Stout, & Sorenson, 1996) .
In the present experiment, genes related to key gluconeogenic enzymes (FBP1, G6pase and PCK1) were detected in both parent pigeons during the breeding cycle. Both FBP1 and G6pase mRNA expressions were maximized during the chick rearing in both sexes. Together with previous report that blood glucose level increased during the feeding period (Gayathri et al., 2004) , it seems that gluconeogenic abilities tend to be strongly enhanced during the chick rearing. Almost all the food is not being digested by the adult pigeons during chick rearing, but is almost exclusively regurgitated to feed the squabs (Lea, Klandorf, Harvey, & Hall, 1992) . The enhanced gluconeogenic abilities may be explained by increased demand for nutrients and the extent of metabolic stress during these processes. We supposed that the enhanced genes expressions of FBP1, G6pase and PCK1 from I4 to I17 may be related to the increased crop weight and synthesis of crop as approaching the hatching day (Kierończyk, Rawski, Długosz, Świątkiewicz, & Józefiak, 2016) . However, significant decreases in gene expressions of FBP1 and G6pase at R1 here imply other causes seem to be responsible for the regulations of gluconeogenic pathway in adult pigeons. In
Columbidae, fledging of squabs occurs around 16 days of age, squabs then may occasionally receive parental feedings until they can feed completely independently (Kozlowski et al., 2016) . The reduced gene expressions detected after L15 in this study may due to the decreased metabolism stress in parental pigeons, accompanying with the decreased crop milk yield (De Cock, Simoens, Gyselbrecht, & De Geest, 1991) . PCK exists in two forms cytosolic PCK1 (PEPCK-C) and mitochondrial PCK2 (PEPCK-M) (Hod et al., 1986) . PCK1 gene expression in liver is induced by PRL (Lobato et al. 1985) . In pigeons, on day 13 of incubation, the concentration of plasma PRL in the females is significantly higher than in the males. After egg hatching by 4 days, the level of PRL gradually fell in male, but still significantly higher in female (Lea et al., 1986; Mohamed, Shukry, Mousa-Balabel, & Elbassiouny, 2016 c Regression analysis was conducted using the REG procedure to determine the correlation between fat content (means ± SEM,n = 6 pigeons per day for each sex) and key enzymatic variables (gene expression or enzyme activity) involved in glucose and lipid metabolism in pigeon livers (means ± SEM, n = 6 pigeons per day for each sex).
T A B L E 3 Correlation analysis between fat content and enzymatic variables involved in glucose and lipid metabolism in pigeon livers from I17 to R7 c the comparison of contribution in rearing squabs between male and female pigeons and the mechanism in it still needed further research.
The liver plays a key role in lipid metabolism. Liver has the ability to sense the needs of all of the other tissues in the body and respond by adjusting its metabolism accordingly (Nguyen et al., 2008) . Consistent with reports in mammals (van Dorland et al., 2009; Graber et al., 2010) , hepatic lipid metabolism-related parameters fluctuated significantly in parental pigeons during the breeding cycle (regardless of sex) in this study. Around hatching day, crop of parent pigeons proliferate rapidly, and the epithelial cells of crop are shed off to form crop milk which consists of fat loaded (Gillespie et al., 2011) . Here, fat content, gene expressions of FAS and ACC in parental pigeon livers peaked at R1 or I17 here, which mirrors the increased lipogenic activity in pigeon liver at these time points. The increased lipogenic activity in pigeon liver may due to the fat storage in the crop during the production of crop milk. Additionally, the investment of time by the female far exceeds that of the male during incubation; no defecation occurred during incubation but females voided large quantities of excreta soon after leaving the nest ). The sharp decrease of fat content in I10 may due to the energy consumption during this process. Previously, feeding of squabs was usually initiated by the female , these may explain that hepatic fat content in females was notably increased at I17, and it was earlier in the time to reach the peak value than males. The reason of the downregulated gene expressions of FAS, ACO, CPT1 and ACO after l15 may because of the decreased crop milk yield and lipid storage in crop of parental pigeons (Janssens, 2003) , same explanation may also apply to the changes of parameters involved in glycosis and gluconeogenesis detected at the same periods in this study. Previously, significant sexual differences were not observed in relation to plasma levels of free fatty acid (FFA), whereas crop gland FFA values with males were greater from incubation to chick rearing (March et al., 1978) . In this study, significant sexual differences were detected in gene expressions of FAS, ACO and ACC, but not CPT1, and more data are needed to work out the influence of sex on lipid metabolism in adult pigeon.
In the present study, the significant correlations existed between fat content and genes expressions of key enzymes involved in glucose and lipid metabolism in pigeon livers, which indicated that these genes played important roles in the final lipid biosynthesis in pigeon liver (regardless of sex). Previously, lipid accumulation in the crop of parent pigeons mainly originates from the uptake of pre-synthesized fatty acid rather than De novo lipogenesis in crop (Horseman & Will, 1984) .
It was proved that liver is the main site of de novo lipogenesis in birds (Nguyen et al., 2008) . We supposed that changes in hepatic fat content and genes expressions of key enzymes involved in glucose and lipid metabolism detected here were related to the process of lipid accumulation of crop milk. Here, hepatic fat content in males was associated with different enzymatic variable compared to females. The parental sex effect on nutritional parameters has not been determined previously. Previous studies focused on crop milk often evaded the parental sex issue. Male contribution to parental care varies widely among avian species (Matysioková & Remeš, 2014) , and a reduction in care by males is compensated by a corresponding increase in female care (Webb et al., 2010) . Our results suggested that potential differences existed in the process of crop milk synthesis between male and female pigeon.
In conclusion, hepatic glucose and lipid metabolism-related parameters in adult pigeons varied significantly during incubation and chick rearing with sexual effect, and these parameters increased from terminal phases of incubation to mid phase of chick rearing. Our results indicated that parental pigeon liver undergoes proper adjustments in hepatic metabolic pathways to satisfy the need of different breeding stages, and changes in parameters related to hepatic glucose and lipid metabolic processes were directed to the requirement of feeding offspring.
